Axial merging method is one of the candidates to provide center-solenoid-free start-up of high-beta spherical tokamak (ST) plasma. Two initially formed STs merge through magnetic reconnection in the presence of the guide (toroidal) magnetic field, which is perpendicular to the reconnection (poloidal) magnetic field. During ST merging start-up, electrons are effectively accelerated near the reconnection point where the reconnection electric field is approximately parallel to the magnetic field. In order to evaluate the effectivity of this acceleration process on electron heating, the spatial distribution of generated energetic electrons are observed by a soft X-ray (SXR) fast imaging system equipped on the UTST device. Highintensity SXR emission was observed particularly in the early reconnection phase when the SXR emission profile spread widely in the inboard-side downstream region. Since the reconnection electric field had only toroidal component in the ST merging case, large parallel component of the electric field in the inboard-side downstream region served to accelerate electrons along the field lines. In the middle merging phase, the SXR emission was clearly localized on two separatrix arms, which correspond to the magnetic field lines on which toroidally accelerated electrons at the reconnection point will move. Though high toroidal reconnection electric field was still induced in the downstream region, its parallel component was cancelled by the charge separation mostly due to the electrons' motion.
INTRODUCTION
A spherical tokamak (ST) concept, which is a tokamak type configuration with small aspect ratio less than 2, suggests attractive fusion core plasma with higher beta limit and bootstrap current ratio. Because of the small space near the geometrical axis of a ST device, the center-solenoid (CS) coil must be removed, or at least minimized. Several novel start-up methods [1] such as RF current drive techniques [2, 3] and helicity injection [4] [5] [6] [7] have been proposed and investigated in many experimental studies. Axial merging method [8] is one of the candidates to provide CS-free start-up of high-beta ST plasma through highly-controlled magnetic reconnection process.
The reconnection process changes the topology of the magnetic field lines and converts the magnetic field energy to plasma kinetic/thermal energy. In the axial merging of two ST plasma tori, anti-parallel magnetic field configuration, which is essential for magnetic reconnection, is formed by the approaching poloidal fields. On the other hand, the toroidal magnetic fields involved in the two torus plasmas are in parallel and do not reconnect. Thus the poloidal component of the magnetic field is the reconnecting magnetic field and the toroidal component is the magnetic field perpendicular to the reconnecting field, usually called "guide field". The guide field is considered to change the reconnection process qualitatively because the charged particles are magnetized even at the neutral X point of the reconnection. It should be noted that the reconnection electric field, which is in toroidal direction in the torus plasma merging case, is mostly parallel to the magnetic field in the vicinity of the reconnection point, resulting in particle direct acceleration along the magnetic field line by the reconnection electric field [9] [10] [11] . In steady reconnection with no guide field, the ions achieve larger portion of the released magnetic energy because the reconnection outflow velocity is determined as the E×B drift. While in the reconnection process in the presence of high guide field, electrons are significantly accelerated along the magnetic field and achieve large energy from the reconnection electric field.
With regard to the ST start-up technique, it is required to achieve high plasma current, high density and high electron temperature plasma to be sustained by additional heating/current drive methods. The merging formation of ST plasma has demonstrated the capability of initial electron heating up to 1 keV in the vicinity of the reconnection point [12] due to the reconnection current diffusion, particle acceleration by reconnection electric field, or other reasons, however, its mechanism has not been identified in laboratory experiments yet. In this research, generation of energetic electrons during high guide field reconnection was experimentally investigated by using fast imaging technique of soft X-ray (SXR) emission from the reconnection region of merging two ST plasmas in the UTST device.
EXPERIMENTAL SETUP
The merging technique requires two initial plasma tori with closed flux surfaces. In the UTST experiment [13] , two ST plasmas are produced inductively by using poloidal field (PF) coils located outside of the vacuum vessel. Fig. 1(a) shows the cross-sectional view of the UTST device. Two ST plasmas are formed in the upper and lower sections of the device by using PF coils #2 and #4. The produced two ST plasmas approach each other and merge at the center of the device. In Fig. 1 (a) , the poloidal magnetic surfaces during merging phase are shown by black curves with toroidal current density. Horizontally elongated current layer is formed between the two upstream regions of the initial STs.
During ST merging start-up, it is expected that electrons are effectively accelerated near the reconnection point where the reconnection electric field is approximately parallel to the magnetic field. This electron parallel acceleration will provide electron heating during merging start-up. In order to observe the spatial distribution of generated energetic electrons, the SXR emission profile was observed by a fast imaging system equipped on the UTST device. Fig. 1(b) shows the top view of the UTST device with the SXR imaging system which consists of a pinhole with absorption filter (Mylar 1µm), a 2-stage microchannel plate (MCP) with a phosphor plate, and a vacum window through which the SXR image on the phosphor plate is monitored by a fast camera. The imaging system is mounted on equitorial plane of the merging STs and views the reconnection region from tangential direction.
The high voltage driver circuit connected to the MCP/phosphor is shown in Fig. 1(c) . Since the external PF coils are energized by high voltage (<16kV) fast capacitor banks to produce initial STs, the bias voltage on the MCP and phosphor must be applied only in a short period after the initial ST formation was completed in order not to
FIG. 1. (a) Cross-sectional view of the UTST device. Observed poloidal flux surfaces (black lines) and toroidal current density (color) are also shown. (b) Top view of the UTST device with SXR imaging system mounted on a midplane port to observe the reconnection region tangentially. (c) High voltage driver circuit for MCP.
damage the MCP by micro discharges in the capillaries. The SXR image displayed on the phosphor plate is recorded by a fast camera. In this experiment, the image was taken with the frame rate of 210 kfps (shutter speed of ~ 3.15 µs).
Nine radial arrays of pickup coils are inserted into the plasma to measure two dimensional magnetic field profile of the merging STs. They cover the central area (-0.23 < Z < 0.23 m) of the device. From the measured axial magnetic field Bz, poloidal magnetic flux Ψ, toroidal electric field Et, and toroidal current density jt are calculated under the assumption of axisymmetry.
Typical plasma parameters are as follows. Major and minor radii : 0.35 m and 0.2 m, respectively, plasma current : ~ 100 kA, toroidal magnetic field at the axis (or at the reconnection X point) : ~ 0.25 T, poloidal (reconnecting) magnetic field : ~ 0.01 T, plasma density : < 5×10 19 m -3 , ion and electron temperatures in the initial STs : ~ 10 eV.
EXPERIMENTAL RESULTS

Magnetic Reconnection Process during ST Merging
In the UTST device [13] , two initial STs are formed inductively by the poloidal field coils located outside the vacuum vessel. The two STs approach and merge on the center of the device (Z = 0) through magnetic reconnection. Poloidal magnetic flux surfaces and toroidal current density during merging phase are shown in Fig. 1(a) . Fig. 2 (a) shows the time evolutions of plasma current of the ST merging formation. During the rampup phase of the plasma current, merging of the two ST plasmas takes place within short period of < 100 µs. Fig. 2(b) shows the evolution of poloidal magnetic fluxes at the reconnection X point and at the upstream region. In this plot and hereafter, the horizontal axis is taken from the start timing of the merging. Note that the upstream flux should be evaluated as the maximum value at the magnetic axis of the initial ST plasma, but the magnetic axis is not included in the magnetic measurement area in the initial phase of merging (indicated by
FIG. 2. Time evolutions of (a) plasma current, (b) poloidal magnetic fluxes at X point and at upstream region, (c) reconnection electric field, (d) reconnection current density, and (e) SXR intensity emitted from the reconnection and the downstream regions. The gray area in each plot indicate the standard deviation between several discahrges.
gray line). The magnetic flux at the X point gradually increased through magnetic reconnection and finally reached the same value as that at the upstream region when the merging is completed. The time derivative of the flux yields one-turn loop voltage, which induces toroidal reconnection electric field as shown in Fig. 2 (c) . In these experiments, electric field up to 70 V/m was observed. Fig. 2 (d) shows the time evolution of the current density inside the reconnection current layer. During the ST merging formation, both the reconnection electric field and current density kept high value for ~ 50 µs of the latter merging phase. SXR (> 100 eV) intensity emitted from the reconnection and the downstream regions revealed rather different time evolution from these reconnection parameters. As shown in Fig. 2 (e) , SXR is mostly emitted in the early and middle merging phase 40 < t < 60 µs. Negligible emission was observed in the latter merging phase while the reconnection electric field was kept still high. Previous Thomson scattering measurement in the UTST has shown that the electron temperature during the merging start-up increased up to 25 eV in the vicinity of the X point [14] . The measured electron temperature indicates that the bulk electron heating was not large enough to account for the SXR burst observed in the middle merging phase. Note that the Thomson scattering measurement system equipped on the UTST device made a measurement of electron temperature perpendicular to the toroidal magnetic field. Thus, the SXR burst observed in the merging start-up of ST suggests generation of energetic electrons which has large velocity parallel to the toroidal magnetic field as a result of direct acceleration by the toroidal reconnection electric field predicted by some numerical studies.
SXR emission profile
In the UTST merging experiment, the SXR emission profile was observed by a SXR imaging system using Xray absorption filter (Mylar 1µm) equipped on a pinhole, MCP with phosphor plate, and a fast camera. The imaging system was equipped horizontally on a midplane port of the UTST device to track the SXR emission from the reconnection and the downstream regions from a tangential eyesight as indicated in Fig. 1(a) . Fig. 3 shows the raw image obtained by the SXR imaging system at the middle phase of the ST merging start-up. The SXR image consisted some regions related to plasma merging and magnetic reconnection. The emission from the upstream regions were observed in the upper and lower parts of the field, indicated by purple ellipses. Between these upstream regions, thin emission region was formed near the reconnection current layer as indicated by orange ellipse. The largest emission came from the inboard-side downstream region as indicated by cyan ellipse. Since the reconnection layer formed between two initial STs were narrow in vertical direction, Abel inversion technique was employed to reconstruct the local emission profile for the raw image data near the midplane (nearly-horizontal line-of-sights).
In the ST merging start-up experiment, large part of SXR emission was observed in the early and middle phases of guide field reconnection. Fig. 4 shows the evolution of reconstructed SXR emission profiles in two merging cases. The one is the ST merging with positive toroidal magnetic field (a-e) and the other is the ST merging with negative toroidal magnetic field (f-j). In the early merging period, the SXR emission spread widely in the inboard-side downstream region. The reconnection electric field had only toroidal component in the ST merging case, and large parallel component of the electric field in the inboard-side downstream region served to accelerate electrons along the field lines.
FIG. 3. Raw image of SXR observed from tangential view.
Then in the middle merging phase at t ~ 50 µs (Fig. 4 (c,d,h,i) ), SXR emission was found inside the current layer near the X point. Distinguishing feature was that the local emission geometry changed depending on the sign of the toroidal magnetic field of the merging STs. When positive toroidal magnetic field was applied, the SXR emission was localized on two separatrix arms from upper left to lower right, as shown in Fig. 4 (c,d) , while the SXR emission was found on two arms from lower left to upper right for negative toroidal magnetic field case as shown in FIG. 4 (h,i) . The emission region in each case agrees with the magnetic field lines on which the toroidally accelerated electrons at the reconnection point will move, which is consistent with the quasi-steady phase in particle simulation results (e.g. [11] ).
Although high toroidal reconnection electric field was still induced in the X point and the downstream regions, its parallel component is considered to be reduced or cancelled by the charge separation mostly due to the electrons' motion [15] . The time constant to establish the charge separation is estimated as the travelling time of electrons along the field lines in the downstream region. Since the high toroidal field in the inboard-side downstream region prolongs the connection length between the upper and lower areas as long as 2-10 m, resulting in the long travelling time of 1-5 µs, which is comparable with the interval observed in the experiment.
The floating potential was measured at two axially separated points by Langmuir probes (R = 220 mm, Z = ± 40 mm). The difference in floating potential started to increase in the middle of the merging phase and the averaged axial electric field reached 40 times of the toroidal reconnection electric field at the timing when the maximum SXR emission was observed. This axial electric field was large enough to cancel the parallel electric field because the ratio of toroidal to poloidal magnetic field was about 30 in the inboard-side downstream region. Thus it is concluded that the electron acceleration in the downstream region was suppressed due to the axial component of the static electric field generated by the biased electron density profile.
DISCUSSION
The spatial profile of SXR emission is considered to indicate the location of energetic electrons generated by parallel acceleration. Since the electron acceleration occurs within several micro seconds much shorter than the time scale of merging process, we can simulate the generation process of energetic electrons by using test
FIG. 4. Evolutions of SXR emission profiles from two ST merging configurations. (a -e) ST merging with positive toroidal magnetic field and (f -j) with negative toroidal magnetic field. Poloidal flux
surfaces are over-plotted by white lines. particle calculation. Fig. 5 (a-d) are the test particle calculation results based on the experimentally measured magnetic field (Br, Bz, Bt) and electric field (Et) at different timings. The axial electric field was not formed for the early two cases (a) and (b). Not only the electrons at the X point but also the electrons in the downstream region are significantly accelerated by the reconnection electric field. They are accelerated along the field lines and quickly achieve kinetic energy higher than 100 eV. The energetic electrons spread largely in the inboardside downstream region partly because the toroidal field is much stronger than the outboard side. At later timings, the axial electric field grew and cancelled the parallel electric field induced by guide-field magnetic reconnection. The test particle calculation (c) and (d) shows the energetic electrons are localized on two separatrix arms showing good agreement with experimental results (Fig. 4 (h) and (i) ).
The accelerated electrons will move mostly along the reconnected field lines because the drift velocities are much smaller than the parallel veclocity. Thus the spatial distribution of the generated energetic electrons is important to evaluate the electron heating effect during ST merging formation. Fig. 5 (e -h) show the energetic electron distribution profiles as a flux function normalized to the flux at the magnetic axis of the merged ST. Since the electron acceleration takes place in the downstream and reconnection separatrix regions, the energetic electrons exist on the flux surfaces near the plasma edge.
The experimental results also show similar tendency that the SXR burst was observed only in the early and middle phases of magnetic reconnection, indicating that main part of the energetic electrons were formed when "outer" magnetic fields reconnected. This trend does not agree with the electron temperature profile of the merged ST [12, 14] . One problem is that the SXR emission immediately vanished in the latter merging phase. This result suggest that the accelerated electrons in early merging phase might quickly escaped from the ST plasma region. In the present UTST experiment, many internal probes were inserted into the plasma region and made harmful effects on energy and particle confinement. The axial electric field in the downstream region should be controlled to achieve more effective electron acceleration condition. Further investigation and development are required to utilize this electron acceleration as an electron heating source during ST merging start-up.
FIG. 5. Results from test particle calculation based on the experimentally measured magnetic and electric fields. Spatial distributions of energetic electrons (>100eV) at different timings are shown in (a -d). (e -h) show the distribution of energetic electrons as a function of poloidal magnetic flux normalized to that at the magnetic axis of the merged ST.
SUMMARY
For the purpose of acquiring high electron temperature ST plasma by the merging start-up method, parallel acceleration is an effective electron heating source provided by the magnetic reconnection in the presence of high guide field. Recent experimental results from SXR fast imaging showed that energetic electrons (> 100 eV) were generated widely in the inboard-side downstream region in the early merging phase. In the middle merging phase, however, the energetic electrons were generated only along the two arms of the reconnection separatrix because the parallel component of the reconnection electric field in the downstream region was cancelled by charge separation.
In the present UTST experiment, the observed energetic electrons do not contribute to the bulk electron hearing possibly because of the acceleration suppression by axial electric field and large particle loss of accelerated electrons. Optimization of generation and confinement of accelerated electrons is required to improve the electron heating efficiency provided by guide-field magnetic reconnection.
